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of the regulation of these pathways is more limited (van den Bosch, 1974) .
Quantitative data on the integration of different biosynthetic pathways in animal tissues should ideally be obtained in intact animals. However, calculation of synthetic rates from tracer kinetics involves several assumptions and simplifications which are sometimes hard to verify experimentally. To minimize such influences we have utilized for studies in vivo on the pathways of glycerolipid synthesis different labelled precursors, and all results have been considered together (Fig. 1) . To enable studies on the substrate regulation of these pathways, a more practical experimental system, as similar as possible to the situation in vivo, was sought. Isolated hepatocytes prepared by enzyme perfusion (Berry & Friend, 1969) Details on calculations are given elsewhere (Sundler, 1974; Sundler & hesson, 1975~) . Abbreviations : PA, phosphatidate; DG, diacylglycerol; PE, phosphatidylethanolamine; PC, phosphatidylcholine.
Sundler & Akesson, 19756) . Some of the reaction rates in Fig. 1 have been calculated or confirmed from relative reaction rates in isolated hepatocytes.
An important branch point in glycerolipid biosynthesis is the formation of triacylglycerol, phosphatidylcholine or phosphatidylethanolamine from diacylglycerol (Kennedy & Weiss, 1956) . In hepatocytes exogenous albumin-bound fatty acids greatly stimulate triacylglycerol synthesis, but show smaller effects on phospholipid formation (Ontko, 1972; Sundler et at., 1974a) , indicating the existence of metabolic control at this point. Several control points and mechanisms must be considered: (1) the activities and relative affinities for diacylglycerol of cholinephosphotransferase, ethanolaminephosphotransferase and diacylglycerol acyltransferase (Young &Lynen, 1969 ; Skurdal & Cornatzer, 1974; Fallon et al., 1975; Sribney et al., 1976; Kanoh & Ohno, 1976) ; (2) the influence on diacylglycerol utilization by its fatty acid structure (Hill et al., 1968; Kanoh, 1969; Akesson et al., 1970 ; D e KruyfT et al., 1970; Sundler et al., 1974a; Kanoh & Ohno, 1975 ; Fallon et al., 1976) ; (3) the effects on phosphotransferase activities by the concentrations of CDP bases (Sundler & Akesson, 19756) regulated ( 3 4 at the cytidylyltransferase steps (Fiscus & Schneider, 1966; Sundler & Akesson, 19756; Sundler, 1975), (36) at the kinase steps (Weinhold & Rethy, 1974) and/or (3c) by the supply of free bases (Sundler & Akesson, 19756) .
To understand more about the potential of these possibilities to exert a regulatory influence on phosphatidylethanolamine synthesis, we studied its formation from [3H]glycerol in isolated hepatocytes (Sundler & Akesson, 19756) . When ethanolamine was added to the hepatocytes, phosphatidylethanolamine synthesis was stimulated approximately twofold. Total glycerolipid synthesis was unchanged, since the flow of available diacylglycerol to phosphatidylethanolamine increased with a concomitant decrease mainly in triacylglycerol. Since the stimulation occurred at a concentration within the physiological range, it is possible that the availability of ethanolamine may exert some influence in vivo. Administration of ethanolamine to rats will also stimulate phosphatidylethanolamine synthesis (B. Akesson, unpublished work). The change in tissue concentrations of phosphatidylethanolamine precursors during starvation (Haines & Derksen, 1975) may be related to ethanolamine availability. Ethanolamine in the form of phosphorylethanolamine can also be supplied from (1972) ; (e) Sundler (1973) . AcNeu, N-Acetylneuraminic acid.
sphingosine degradation (Stoffel et al., 1968) , and sphingosine promotes phosphatidylethanolamine synthesis in isolated hepatocytes, although to a more limited extent than does ethanolamine (B. Akesson, unpublished work).
In the presence of saturating amounts of ethanolamine phosphorylethanolamine accumulated in the hepatocytes, whereas the concentration of CDP-ethanolamine showed much smaller changes. This indicates that ethanolamine kinase(s) will phosphorylate excess amounts of ethanolamine, whereas the phosphorylethanolamine cytidylyltransferase step will be rate-limiting. The concentration of CDP-ethanolamine in hepatocytes increased twofold on the addition of ethanolamine over the same concentration range as the stimulation of phosphatidylethanolamine synthesis occurred. The presence of lauric acid, an inhibitor of phosphatidylethanolamine synthesis, did not further promote the small rise in CDP-ethanolamine, but oleic acid, which stimulates phosphatidylethanolamine synthesis, appeared to prevent it. Therefore at least tenfold variations in synthetic rates were associated with only small alterations in the CDP-ethanolamine concentration. The relative constancy of the CDP-ethanolamine concentration was further investigated by kinetic studies of phosphorylethanolamine cytidylyltransferase isolated from rat liver (Sundler, 1975) . The reaction was readily reversible with a Keq.
for the forward reaction of 0.46; Michaelis constants of 0.053m (CTP), 0.065m (phosphorylethanolamine), 0.040m (CDP-ethanolamine) and 0.085m (PP,) were obtained. Of further interest was the product inhibition pattern, which strongly suggested an ordered sequential reaction mechanism, with CTP being the first substrate to bind and CDP-ethanolamine being the last product to be released. Then CDPethanolamine would be a competitive inhibitor with respect to CTP. A comparison of the K,,, values obtained in vitro with the tissue concentrations of CTP (Domschke et al., 1971) and CDPethanolamine (Sundler, 1973) suggests that the CTP/CDP-ethanolamine ratio is an important factor in the regulation of CDP-ethanolamine synthesis. The fact that the concentrations of CDPethanolamine are in the same range as the K, value for the solubilized ethanolaminephosphotransferase (Kanoh & Ohno, 1976) seems to VOl. 5 provide the potential for a coupling between the concentration of CTP and the rate of phosphatidylethanolamine synthesis. Since the cytidine nucleotides participating in lipid synthesis constitute a large fraction of the total cytidine nucleotides (Fig. 2) , a similar control might also apply to cytidine nucleotides other than CDP-ethanolamine in the biosynthesis of the respective products. The formation of CDP-diacylglycerol is probably a rate-limiting step in bacterial phospholipid synthesis (Raetz & Kennedy, 1973) .
In addition to the availability of ethanolamine and the control of CDP-ethanolamine in the cytidylyltransferase reaction, the structure and amount of diacylglycerols, the other substrate in the final reaction, will influence phosphatidylethanolamine synthesis. Different albumin-bound fatty acids added alone to isolated hepatocytes showed relatively small effects on the synthetic rate (Sundler et al., 1974a) , but the effects were more pronounced in the presence of saturating amounts of ethanolamine (Sundler & Akesson, 19756) . Oleic acid (1 mM) stimulated and lauric acid (1 mM) inhibited phosphatidylethanolamine synthesis, resulting in 20-fold differences in synthetic rates. Both fatty acids were incorporated into diacylglycerols, but the disaturated species formed from lauric acid and other saturated fatty acids were poorly utilized for phosphatidylethanolamine synthesis (Sundler et al., 1 9 7 4~; for a review see Akesson et al., 1976~) . It is therefore likely that the substrate specificity of ethanolaminephosphotransferase accounted for the differences in synthetic rate obtained with different fatty acids, since CDP-ethanolamine formation seemed to be unaffected. The increasing inhibition by 0.25-1 mwlauric acid would then result from the diacylglycerols formed from endogenous fatty acids being increasingly replaced by those containing lauric acid. Closer to physiological conditions are the effects caused by unsaturated fatty acids, which stimulated triacylglycerol, phosphatidylcholine and phosphatidylethanolamine synthesis, although to different degrees. One can visualize that the amount of diacylglycerol converted into each lipid is controlled by the availability of acyl-CoA, CDPcholine and CDP-ethanolamine. Also, the affinities for diacylglycerol by diacylglycerol acyltransferase, cholinephosphotransferase and ethanolaminephosphotransferase may be important. The K, values measured with a mixture of diacylglycerols prepared from egg phosphatidylcholine for the two latter enzymes in solubilized form are similar, 0.081 and 0 . 0 6 3 m~ (Kanoh & Ohno, 1976) . Although such values for waterinsoluble substrates to enzymes membrane-bound in the tissues are difficult to interpret, they may be compared with the tissue concentrations of diacylglycerol, 0.2-0.4pmol/g (Akesson, 1969) . The affinity for diacylglycerols by solubilized diacylglycerol acyltransferase is not known, but we would expect it to be lower than those for the other enzymes. Stimulation of phosphatidylethanolamine synthesis in isolated hepatocytes by ethanolamine will scarcely influence phosphatidylcholine synthesis, but will instead decrease triacylglycerol synthesis. However, more information on the kinetics of the diacylglycerol-utilizing enzymes is necessary before the decrease in diacylglycerol concentration after ethanolamine addition can be definitely explained (Sundler & Akesson, 19756) . Simply expressed, the data so far indicate that the need for diacylglycerol in phospholipid synthesis will first be met, then additional diacylglycerol will be converted into triacylglycerol. This view is consistent with the well-known fact that triacylglycerol concentrations in liver vary much more than phospholipid concentrations under different conditions and also with the conclusion that fatty acid oxidation is more tightly controlled than triacylglycerol synthesis (Ontko, 1972) . In addition to the metabolite regulation reviewed here, other short-term @e Kruyff ef al., 1970; Sribney et al., 1976) and long-term (Young & Lynen, 1969) regulatory factors on the diacylglycerol-utilizing enzymes have been proposed, although their physiological significance is still hard to evaluate.
An issue discussed by several workers is whether the cholinephosphotransferase reaction is reversible in viuo (Bjornstad & Bremer, 1966; Kanoh & Ohno, 1973 concentration to 0.48pmo1/10g of liver compared with O.lO~ol/lOg of liver in immediately freeze-clamped liver (Sundler, 1974) . The earlier procedures therefore led to a lower specific radioactivity of CDP-choline after injection of labelled choline and thereby to an overestimation of the extent of backward reaction. The calculated rates in Fig. 1 were also used to calculate the net flux of individual molecular species in the cholinephosphotransferase reaction. There was a net phosphatidylcholine degradation of tetraenoic and hexaenoic species, whereas the net flux for less unsaturated species was towards phosphatidylcholine synthesis (Sundler, 1974) . The acyl-chain specificities of the phosphotransferases will not only influence the synthetic rates of phospholipids, but will also regulate their fatty acid composition. Here mainly the control of saturated fatty acid chain length will be discussed. The maximal stimulation of phosphatidylethanolamine synthesis in isolated hepatocytes by saturated fatty acids occurred with palmitate and stearate, whereas myristate and palmitate were most stimulatory for phosphatidylcholine synthesis (Akesson et al., 19766) . These characteristics remained if in addition an unsaturated fatty acid was present. The same difference was obtained with different monoenoic fatty acids, indicating that the optimal diacylglycerol chain length is shorter for cholinephosphotransferase than for ethanolaminephosphotransferase. Similar observations were made with rat liver microsomal preparations (Kanoh & Ohno, 1975) . The fact that palmitic acid is the dominating saturated fatty acid in phosphatidate biosynthesis in rat liver (Akesson et al., 1970) , whereas stearic acid is mainly incorporated into phospholipids via lysophospholipid acylation (Elovson, 1969 , will limit the regulatory importance of the phosphotransferases with respect to the saturated fatty acid composition.
The relative rates of palmitate or stearate acylation at position 1 of 2-acylphospholipids and the relative utilization of 1 -palmitoyl-or 1 -stearoyl-phospholipids for acylation by unsaturated fatty acids (Lands & Hart, 1965) will therefore be important. These palmitatelstearate balances have been calculated for dienoic phospholipids from experiments in viuo (Fig. 3) . The most remarkable finding was that exogenous 2-linoleoylglycero-3-phosphorylethanolamine was acylated 84 % by stearate and only 16% by palmitate.
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